Prior research shows that infants can recognize phonetic equivalence among vowels produced by adult men, women, and children. It is unknown whether this ability extends to infant vowel productions, which have unique properties due to the size and geometry of the infant vocal tract. The present study was undertaken to determine whether infants recognize infant vowel productions as phonetically equivalent to vowels produced by adults and children. Infants (4-6 months) were tested in a look-to-listen procedure using isolated vowels, /i/ and /a/, synthesized to simulate productions by men, women, children and a 6-month-old. Infants were first habituated to diverse productions of the same vowel produced by several adult male, female and child speakers while they fixated on a checkerboard. Following habituation, infants were then presented infant productions of the same vowel (familiar) and the other vowel (novel) in four test trials. A novelty effect (novel > familiar) was observed showing that infants recognized the familiar infant vowel to be similar to the habituation vowel. The findings are discussed in terms of the emergence of perceptual constancy in the development of vowel perception raising issues about how and when such knowledge is acquired in relation to the infant's own productions.
INTRODUCTION
To develop normal speech production, infants must perceptually match their own vocalizations to the speech patterns they hear produced by their caregivers. Despite the important role of perceiving selfgenerated speech for babies, infant vocalizations have not been employed in infant speech perception research. This study begins to explore how infants respond to speech with infant vocal parameters, focusing on vowel perception. Several studies show that infants are able to treat vowels produced by different talkers (men, women, children) as perceptually equivalent, even though they can discriminate these sounds from one another (Kuhl, 1979; Marean et al., 1992) . However, these studies involved just a few vowels and tested a very small set of infants using a procedure in which the infant is extensively trained (using operant techniques) to discriminate vowels according to vowel category. Thus, we do not yet have a very detailed picture of how infants respond to talker variability as they encounter vowels in more ecologicallyvalid listening contexts. In addition, prior research has not included vowels produced by an infant talker. The acoustic properties of infant-produced vowels differ substantially from both adult and child productions due, in large part, to the small size and geometry of the infant vocal tract (Ménard, Schwartz, & Boe, 2004; Vorperian & Kent, 2007) , as shown in Figure 1 . FIGURE 1. Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male vocal tract, in the F1/F2 and F2/F3 spaces, with prototypical focal vowels /i y u a/ (represented by circles and labeled "i0, y0, u0, a0" for the newborn, and represented by stars and labels "i21, y21, u21, a21" for the adult; from Ménard et al., 2002) .
Moreover, infants may have little to no exposure to infant speech until they start to babble. Lacking experience producing or hearing infant vowels, young infants recognize the phonetic equivalence between infant-produced vowels and vowels produced by their caregivers and siblings. The present study was designed to address this issue. To do so we tested infants (4-6 months) using isolated vowels, /i/ and /a/, synthesized to simulate productions by men, women, children and a 6-month-old infant. We implemented a habituation paradigm in which the infant can "turn on" or "turn off" an auditory signal by looking at a static visual pattern (look-to-listen procedure). With this task we can observe how infants respond to speech when their behavior is not being shaped by external reinforcement or training.
METHODS AND MATERIALS

Subjects
Fifty-six infants between 4-½ and 6-½ -months of age (36 male, mean age = 161 days, range 138 -197 days) were included in the study. Twenty-eight additional infants were tested, but excluded from analysis due to fussiness (10), distraction (10), caregivers' interference during testing (3), or experimental error (5). All infants were full-term with no known health problems. Language exposure of the infants varied however, the vowels presented in this study, /i/ and /a/ are phonemic in all of the input languages.
point for the other growth stages. Because of the nonuniform nature of vocal tract growth simulated by our model, the acoustic results of similar articulatory commands from birth to adulthood were located at different relative positions within the MVS ͑Ménard and Boë, 2000͒. Therefore, we established articulatory-acoustic prototypes for each growth stage, based on acoustic criteria inspired from the dispersionfocalization theory ͑DFT, cf. Schwartz et al., 1997͒ . In this theory, it is assumed that vowel systems are shaped by both dispersion constraints increasing mean formant distances between vowels, and by focalization constraints increasing the trend to have focal vowels in the system, that is, vowels with close F1 and F2, F2 and F3, or F3 and F4 . First, by comparing the different MVS generated by VLAM, we situated the four focal vowels /{/, /Ñ/, /É/ and /~/, which represent the articulatory-acoustic limits of a speaker, within that space. This method was based on the following acoustic criteria ͑see Next, articulatory parameters were retrieved by an iterative inversion method using the pseudo-inverse of the Jacobian matrix ͑Jordan and Rumelhart, 1992͒. Since inversion provides several solutions, we retained the articulatory prototypes involving the smallest articulatory distance ͑in terms of P i values͒ compared to the adult male ͑21 years old͒ ͑Ménard and Boë, 2000͒. Figure 2 groups the set of 70 vowels for the seven growth stages, in the F1/F2 and F2/F3 spaces.
The values of the fourth and fifth formants were finally determined by the articulatory commands retrieved by inversion. Formant bandwidths for the five formants were calculated based on an analog simulation ͑Badin and Fant, 1984͒. A cascade formant synthesizer was excited by a glottal waveform generated by the Liljencrants-Fant source model. The resulting signal was digitized at 22 kHz, and had a duration of 600 ms. A fall-rise amplitude contour was applied to the signal. 
f0 values
Stimuli
The stimuli were isolated /i/ and /a/ vowels selected from a large corpus of vowels, synthesized using the Variable Linear Articulatory Model (VLAM), as described in Ménard, Schwartz, & Boe (2004) . This model integrates the vocal tract growth data currently available (Goldstein 1980 ) into a previous model already existing for the adult (Maeda 1979; Maeda 1990 ).The latter is based on a statistical analysis of 519 midsagittal cineradiographic images of a French speaker uttering ten sentences (Bothorel et al. 1986) . A principal components analysis, guided by knowledge of the physiology of the articulators, revealed that seven articulatory parameters (P i , i Є {1…7}) could account for 88% of the variance of the tongue contours (Boë et al. 1995) . The parameters included labial protrusion, labial aperture, tongue tip position, tongue body position, tongue dorsum position, jaw height, and larynx height. These parameters are directly interpretable in terms of functionally organized articulatory blocks. Each parameter is adjustable at a value in the range of ±3.5 standard deviations around the mean values for this articulator in the cineradiographic images.
VLAM is constrained to generate only speech that can realistically be produced by a human vocal tract (see Boe, 1999 , for a complete review of VLAM). VLAM integrates non-uniform vocal tract growth, in the longitudinal dimension, by two scaling factors: one for the oral cavity and another for the pharyngeal cavity, the zone in-between being interpolated. The values of the factors, from 0.3 to 1.2, were calibrated year by year and month by month based on Goldstein's (1980) length data. The anatomical measurements of vocal tracts generated by the model are consistent with MRI data, and the acoustic targets are in the range of the mean values of +/-1 standard error reported for vowels from 3-year old to adult speakers in Hillenbrand (1995) . The conversion models from the midsagittal function to the area function and the transfer function are then applied. The transfer function is calculated following Badin and Fant's (1984) model. The poles of the transfer function are excited through a 5-formant cascade synthesis system (Feng 1983) , by a pulse train generated by a source according to the LF model (Fant et al. 1985) . The parameters related to the source (glottal symmetry quotient, and open quotient) are equal to 0.8, and 0.7, respectively, and remain unchanged for all the growth stages. The resulting signal is sampled at 22,050 Hz.
In Ménard et al. (2004) , VLAM was set to generate five-formant synthesized vowels for speakers ranging from infancy to adulthood. For this experiment, we selected vowels from this corpus that were synthesized with the vocal tract parameters of speakers at the following growth stages: 6-month-old infant, 8, 10, 12, 16, and 21 years. The acoustic targets for the vowels of each speaker type were introduced by manipulating certain anatomical dimensions of the respective vocal tracts. The longitudinal dimension of the vocal tract was modified by varying the ratio between the oral and pharyngeal cavities. The following vocal tract lengths were used: 7.70 cm (infant), 11.91 cm (8-year-old), 12.65 cm (10-year-old), 13.52 cm (12-year-old), 15.36 cm (16-year-old), and 17.45 cm (21-year-old). Tongue length was calculated to be proportional to palate length. Vocal tract shape was determined using data from Goldstein (1980) . Different talkers for each speaker type were then generated by manipulating the fundamental frequency values. f0 contours and intensity envelopes were the same for all stimuli and were extracted from natural productions of isolated vowels uttered by an adult male. The following f0 values were employed for each speaker type: 360 and 450 Hz (infant), 270 Hz (8-year-old), 337 Hz (10-year-old), 207 Hz (12-year-oldspeaker), 210 and 240 Hz Hz (16-year-old female), and 110 Hz (21-year-old male). Table 1 shows the f0 and formant values at vowel steady state for the individual tokens of the /i/ and /a/ stimuli for the different vowel stimuli used in this study. Figure 2 plots the first (F1) by second (F2) formant values for all of these tokens. It is important to highlight that the tokens for the infant are quite distinct from that of the child and adult speakers. All stimuli were 500 ms in duration and were matched in intensity and intonation contour.
These stimuli have been used in previous studies with adult, native French listeners, and were judged to be good, natural-sounding exemplars of each vowel category when presented for identification (Ménard et al., 2004) . We also verified that the tokens selected were clear and unambiguous tokens of /i/ and /a/ for English-speaking adults.
For testing, we created stimulus files using Praat (one for each vowel described in Table 1 ) in which the vowel was repeated with a 1000 ms inter-stimulus interval (ISI). Each stimulus file was approximately 30 s long and contained approximately 20 vowel repetitions. 
Procedure
Infants were tested using an infant-controlled variation of the visual habituation (look-to-listen) procedure (Werker, Shi, Desjardins, Pegg, Polka & Patterson, 1998) . Infants sat on the caregiver's lap at a distance of about 150 cm facing a 21-inch television monitor in a curtained soundproof booth. Audio TRAK BSI-90 loudspeakers and a Sony digital video camera were located behind the curtain just below the TV screen. An experimenter observed the infant outside of the testing room on a monitor linked to the video camera. The experimenter could not hear the auditory stimuli being presented to the infant. The caregiver wore noise-canceling headphones and listened to masking music during the entire procedure to avoid influencing the infant's behavior. At the start of each trial, a red flashing light appeared on the monitor to capture the infant's attention. Once the infant was looking at the monitor, a black-and-whitecheckerboard pattern appeared on the screen. When the infant fixated on this visual pattern, an auditory stimulus was presented. The experimenter recorded the infant's looking time to the checkerboard, which activated the presentation of the sound, providing an index of the infant's looking time. If the infant looked away for more than 2 seconds, the sound stopped and the checkerboard disappeared (screen goes black). If the infant looked away for less than 2 seconds the trial continued, but this look away time was not included in the look time for that trial. The trial was terminated when the infant looked away for more than 2 seconds or at the end of a trial (30 s). After a brief pause, the flashing light returns to start the next trial
Protocol and Design
The experiment consisted of four consecutive phases: pre-test, habituation, test, and post-test. The pre-and post-test phases consisted of one trial of an instrumental music file; neither of these trials was analyzed. The pre-test trial shows the infant what happens during the task and the post-test trial shows whether the infant was still attentive at the test session.
In the habituation and test phases, on each trial the infant heard a repeating sequence of one vowel produced by a single talker; a different talker was presented in each trial. During the habituation phase, half of the infants heard the vowel /i/, while the other half heard the vowel /a/. Infants heard tokens that were produced by a man, woman or child speaker on different trials; the order of talkers was block-randomized so that within each 3-trial block of 3the infant hears a man, woman, and a child talker. During the habituation phase, the software tracked a running average of looking time across a consecutive 3 trial window. For each infant, the habituation phase was terminated once this running average dropped below 65% of the longest three consecutive trials. The number of habituation trials varied across infants given that trials were infant-controlled; however, all infants completed at least 4 habituation trials exposing them to all three of the talker types during habituation. The test phase was initiated as soon as the habituation criterion was met.
During the test phase, four trials containing vowels produced by an infant speaker were presented in one of two fixed orders: FNNF or NFFN. The stimuli presented on 'F' (for familiar) trials were from the same category as the habituation stimuli, while the 'N' trials were from the novel category that the infants had not heard during habituation. It is important to note that both the F trials and the N trials contained infant vowel productions, and thus, all of the test trials presented novel vocal tract parameters compared to the habituation stage.
Following the protocol outlined above, 4 groups of infants were tested in order to counterbalance the vowel presented during habituation (/i/ or /a/) and the order of test trials (FNNF or NFFN) across subjects.
Results
Listening times during the habituation phase (summed across all habituation trials) were not significantly different for the infants habituated to /i/ and infants habituated to /a/, therefore the two habituation groups were collapsed for all further analyses. The looking time (mean; SD) is plotted in Fig 3  (below) for the last habituation trial and for each of the 4 test trials (F1 N1 F2 N2), collapsing across infants tested in the FNNF test order and NFFN test order.
Data plotted in Figure 3 were analyzed to address two questions. First, do infants notice that a new talker was introduced in the test phase? If they do, we expected listening time to increase significantly on the first test trial, regardless of whether a new or familiar vowel category was presented. To determine whether infants noticed the change to the infant vocal tract parameters, looking times were submitted to a Figure 3 (broken lines) , the switch to the infant vocal tract parameters in the test phase was a salient change to infants, regardless of whether the familiar or novel vowel category was presented. Second, did infants encode the similarity among the vowels presented in the habituation phase, and do they recognize that the infant-produced variant of that vowel as being equivalent to the habituation vowel category? If so, we expected them to respond differently to the two infant vowels presented during the test phase. Specifically, we expected them to show a novelty response, listening longer to the new vowel compared to familiar vowel. To evaluate this prediction, mean looking times on each test trial were submitted to a two-way mixed ANOVA with test trial order (FNNF vs. NFFN) as a between-subjects factors, and test trial (F 1 vs. N 1 vs. F 2 vs. N 2 ) as a within-subjects factor. We found a main effect of test trial, F(1, 162) = 4.419, p = .005, η 
DISCUSSION
The present findings reveal two important aspects of infant vowel perception. First, infants have some ability to match infant-produced vowels, which they may be hearing for the first time, to adult and child productions. This recognition appears to be immediate and is achieved well before infants are able to produce the target vowel sounds (Rvachew et al., 2006 (Rvachew et al., , 2008 , at least when acoustically distinct vowels are presented in a low memory load task. The large acoustic gap between infant and child/adult vowels suggests that infants recognize a structural similarity between infant vowels and vowels produced by other talkers. In future studies we will assess the limits of vowel categorization skills by testing them with acoustically similar vowels and with increased demands on memory. We will also test infants at different ages to determine how the processing of infant-produced vowels is influenced by the emergence and refinement of a baby's own vowel production skills. Second, infants discriminate talker changes and may have a strong attraction to infant speech signals. Infant responses to the new talker presented in the test phase were robust and immediate; infants' listening time typically doubled when the infant vocal signals were introduced in the test stage. These findings may be due to the large shift in acoustic space associated with infant signals or may suggest an attraction to infant speech. We are currently exploring the later issue as well (see Masapollo, Polka, Menard & Vouloumanous, 2013) .
